Bottom sediments from thirteen transects mainly sampled at depth contours of 30, 100 and 200m along the western continental margin of India, falling in two offshore sectors from Dwaraka to Goa and Cape Comorin to Goa were analysed for calcium carbonate, major elements in silicate fraction, trace and rare earth elements in the bulk fraction, and carbon and nitrogen isotopes in organic matter to understand the provenance of sediments, weathering patterns in the source areas and nature of organic matter. Major elements such as Si, Ti, Mg and discrimination plots involving alkalies and silica have shown a distinct north-south provinciality with the source signatures pointing at Deccan basalt for sediments in north (from Dwaraka to Goa) and gneisses and granulites of South India in south. Shale normalized REE patterns and REE content suggest additional local sources mainly in the southwest coast of India. Degree of alteration determined using Chemical Index of Alteration (CIA), Plagioclase Index of Alteration (PIA), A-CN-K plots have suggested that the sediments are moderately weathered despite the intense orographic rainfall in the source area. Variability in degree of chemical weathering is seen with the change in provenance. In general, the sediments north of Goa with a provenance of Deccan basalts show higher chemical weathering index. C org /N molar ratios (range = 6.9 and 14) are mostly between 10 and 12 which are closer to marine organic matter values. This is corroborated by marine 
INTRODUCTION
Continental margins cover only about 7-9% of the world ocean area (Legeleux et al. 1994 and references therein; Nath et al. 1997 ), but play an important role in ocean biogeochemistry due to rich riverine inputs, strong physical forcing (such as upwelling), high biological productivity and active benthic processes (e.g. Kao et al. 2006 and references therein). Consequently, their collective contribution to the marine carbon cycle is drawing increasing attention (Ducklow and McCallister 2004; Kao et al. 2006) . Rivers with high fluvial sediment discharges are located in Asia and Oceania (Milliman and Meade 1983; Milliman and Syvitski 1992) . River sourced sediments are deposited in the continental shelves and much if not most of the sediment transported to broad passive margin shelves remains on the inner to middle portions of the shelves. Along with the high fluvial sediment discharges, organic carbon can be efficiently trapped in these continental margins due to the rapid sedimentation that helps transportation as well as preservation of organic carbon. Eastern Arabian Sea has all these traits such as the high fluvial sediment supply from Indus, Narmada, Tapti and several small rivers in central and south India, and it is one of the highly productive areas in the world mainly due to the high nutrient concentrations from the freshly upwelled water during south west monsoon, and due to winter convection during north east monsoon, and consequently has high organic matter accumulation (Madhupratap et al. 1996) .
Enhanced oxygen demand due to respiration of organic matter in the semi enclosed basin results in O 2 deficiency (up to <0.1ml/L) at a depth of 150-1000m in the northwestern Indian Ocean (Wyrtki 1971; Naqvi 1987; Naqvi et al. 2006 ). This makes the Arabian Sea, along with eastern tropical North Pacific (ETNP) and eastern tropical South Pacific (ETSP) as one of the three major regions in the open ocean having suboxic (=denitrifying) intermediate waters. Water column denitrification (conversion of nitrate to elemental nitrogen) in these oxygen deficient zones (ODZs) result large N isotopic fractionation preferentially converting 14 N into N 2 and leaving the residual NO 3 -enriched with 15 N. In addition to the perennial open ocean oxygen minimum zone (OMZ), Arabian Sea also experiences seasonal OMZ in the coastal waters which undergo intensification during recent years due to both the natural and anthropogenic reasons such as land use changes, enhanced fertilizer loading etc. (Naqvi et al. 2000) . Thus, eastern Arabian Sea is an interesting area to study the sediment chemistry in coastal and shelf regions. Among the earliest geochemical studies on the sediments from the continental margin of India, Murty et al. (1970; 1973 and several others) concentrated on partitioning the distribution of major and minor elements between the lithogenic and non-lithogenic fractions, Marchig (1972) identified two main facies viz., coarse grained rich in Fe and Ti in shelf and upper slope and clay-mineral rich fine grained facies (rich in Mn, Ni, Cu and Zn) in lower slope and deep ocean. While the geochemical maps of selected elements were prepared by Paropkari et al. (1994) for the western continental shelf of India, Shankar et al. (1987) to our knowledge were the first to map the major geochemical provinces of the Arabian Sea. Variability of sediment REEs and trace elements in a transect across the continental margin and their response to the bottom water oxygenation conditions was presented by Nath et al. (1997) .
Here, we have studied fifty surface sediment samples from the western continental shelf of India covering thirteen transects of three depth contours (30, 100, and 200m below sea-level) from Cape Comorin (southern tip of India) to Dwaraka in north. A comprehensive study based on a set of geochemical parameters including all rock-forming major elements in lithogenic fraction, trace and rare earth elements (REEs), calcium carbonate (CaCO 3 ), organic carbon (C org ) and nitrogen content, and the isotope composition of C org and N is undertaken with the objectives to decipher the sediment provenance, weathering at source, dispersal pattern, nature of organic matter and the influence of water column chemistry on stable isotopes in sediments. Three major sources of sediments viz., those derived from River Indus, erosional products of Deccan Traps and gneissic rocks, have been identified earlier along the western continental margin of India (Mattait et al. 1973; Nair et al. 1982a ) and later confirmed from clay mineral (Rao and Rao 1995) and radiogenic isotope studies (Kessarkar et al. 2003) . In this paper, we use refractory and rare earth elements (which are robust indicators of provenance) to study the source as well as the dispersal patterns of lithogenic sediments. We also try to understand the weathering patterns in the source terrains of west coast of India based on geochemical alteration indices, as some of the adjacent coastal landmasses receive large rainfall during south west monsoon. In addition, the chemical studies of clays undertaken in the past has shown that parts of west coast of India may have witnessed intense chemical weathering (Nath et al. 2000) . While the papers in late eighties and nineties have debated on the depositional controls on the organic matter distribution in the Arabian Sea (Pedersen et al. 1992; Paropkari et al. 1993; Calvert et al. 1995; van der Weijden et al. 1999; Rao and Veerayya 2000; Cowie 2005 ), here we made an attempt to understand the nature of organic matter by analyzing C org /N ratios and δ
C values. Water column denitrification is prominent in the northern
Arabian Sea as compared to southern region (Naqvi 1987). Our intention was to see if this north-south change in water column denitrification is reflected in the nitrogen isotopic composition of to the underlying sediments. This study on surficial sediments representing the present day ocean processes would help to identify the past records of denitrification in the area.
Oceanographic and geological settings of the study area
The Arabian Sea is a semi enclosed basin surrounded by arid landmasses to the west and north and by coastal highlands of western India to the east. There is no outlet to the north, but the basin waters and sediments are influenced by inflow from Persian Gulf and the Red Sea and by exchange across the equator (Wyrtki 1971) . It also experiences extreme atmospheric forcing that leads to the greatest seasonal variability observed in any ocean basin. Monsoons are the seasonally reversing winds, which bring rain to the Indian subcontinent and cause upwelling along the continental margins. This seasonal reversal of the wind direction between summer and winter drives the south west (SW) and north east (NE) monsoons in the Indian Ocean and precipitation over south Asia.
The width of the western continental shelf of India is about 130 km off Ratnagiri and narrows down to 80 km off Cochin (Rao and Rao 1995) . It is again wider (120 km) at the southern tip of India, off Cape Comorin. Rivers especially Indus, Narmada, Tapti, Sabarmati and Mahi are the major sources of terrigenous sediments to the eastern Arabian Sea. The Indus fan is one of the largest submarine fans in the world. Western Ghat mountain ranges are composed of two major rock types: the Deccan Trap basalts between Tapti and Mormugao and Precambrian gneisses and schists between Mormugao and Cape Comorin (Nair et al. 1982a) . Nair and Pylee (1968) , Hashimi et al. (1982) reported that two distinct sediment types occur on the western continental shelf of India: modern clastic clays on the inner shelf and relict sandy sediments on the outer shelf (Fig. 1a) . Terrigenous sediments mostly occur as sands in the near shore (upto 10-12 m water depth) followed by a zone of silty clays on the inner shelf between Saurashtra and Quilon (Kollam) (Rao and Wagle, 1997) . The outer shelf sediments are Holocene carbonate sands between Ratnagiri and Mangalore and are terrigenous sands between Mangalore and Cochin. The continental shelf between Quilon and Cape Comorin does not contain clay zone (<2%) unlike the rest of the inner shelf (between Saurashtra and Quilon). It consists of biogenic carbonate sands. Absence of clay zone has been attributed to the scarcity of estuaries in this region (Hashimi and Nair 1986) and to coastal rock formations and hydrodynamic factors influenced by coastal configurations (Rao and Wagle 1997) .
MATERIALS AND METHODS

Sample collection
The surface sediment samples were collected using Van veen (Grasshoff et al. 1983) . 50 surface sediment samples were collected along 13 transects (off Cape Comorin to Dwaraka) from the west coast of India (Fig. 1b) and the details are listed in Table 1 . The sediments were collected mainly from 3 depth contours viz. 30m, 100m and 200m.
CaCO 3 , major and minor elements and REEs
Dried sediments were homogenised and CaCO 3 content was determined using Coulometer as well as with modified carbonate bomb method (Műller and Gastner 1971) . Replicate analysis of samples and standards showed that the analytical reproducibility was better than 5% of the measured value. The major elements were analysed using X-ray Fluorescence Spectrometer (XRF, PANalytical AXIOS) at National Institute of Oceanography (NIO) mainly in lithogenic fraction free of carbonate and sea salts. Samples were washed repeatedly to remove sea salts while decalcification was done using 20% acetic acid and followed by washing. Silver nitrate was added to supernatant water after each wash, and if white precipitate still persisted (indicating the presence of chloride), more water was added to wash the salt. Each time, they were centrifuged to decant the supernatant to avoid the loss of fines. For complete carbonate removal, the acid was allowed to react with sediments until the bubbling (CO 2 release) stops. The analyses were carried out on glass beads made using 0.55g of decalcified, powdered sediment fluxed with 5.5g dilithium tetraborate, 0.07% Li bromide (Merck). The accuracy and precision of analysis was checked with geochemical standard, JMS-1 (Geological Survey of Japan, Marine sediment-1) and given in El (cfb) = (El*100)/(100-CaCO 3 %) where El represents the concentration of a given element and El (cfb) representing elemental concentration on a carbonate-free basis. Ce anomaly is defined as Ce/Ce* (values with respect to shale), where Ce is Ce sample /Ce PAAS and Ce* is the predicted value obtained by linear interpolation between shale-normalized La and Pr values. Similarly, Eu anomaly (Eu/Eu*) is calculated using the concentrations of Sm, Eu and Gd (e.g., Nath et al. 1997) .
C and N (%) and stable isotopic analysis
For measurement of C org and N content and their isotopic ratios, samples were decalcified using 1N HCl, washed thoroughly with deionized water and dried.
13 C/ 12 C ratio and 15 N/ 14 N ratio together with C org and N content were measured using an Isotope Ratio Mass-Spectrometer (Delta V plus; ®Thermo) coupled with an Elemental Analyzer (EA) in a continuous flow mode at the National Institute of Oceanography, Goa. The details of analytical procedures are given in Agnihotri et al. (2008) and Maya et al. (2011) . Reference gases were calibrated relative to the international standards IAEA N1 (δ 15 N = +0.4‰) and N2 (δ 15 N= +20.3‰) for nitrogen and USGS-40 (δ 13 C = -26.389‰) for carbon. Calibrations for C org and N content and their isotopes were carried out using a laboratory standard (n-Caprioic acid, C 6 H 15 NO 2 ; ACA (δ 15 N = +4.6‰ and δ 13 C = -25.3‰) following Higginson and Altabet (2004) . Carbon and nitrogen content in the unknown samples were calculated from a calibration curve made of ACA standards ranging from 1 to 4μM for nitrogen and 6 to 24μM for carbon (see Maya et al. 2011 for a description of the method followed). Analytical precision was better than 2% for C org and N content. Carbon and nitrogen isotopic ratios of sedimentary organic matter are expressed as δ values (δ 13 C org and δ 15 N) with reference to V-PDB and atmospheric N 2 respectively. where R = 13 C/ 12 C and 15 N/ 14 N. Standard deviation (1σ) for both 13 C and 15 N was less than 0.2‰ (for n = 10 samples).
RESULTS
The thirteen transects along the western continental margin are divided into two offshore sectors viz, 1) Cape Comorin to Goa and 2) Goa to Dwaraka based on previous studies. Dissolved oxygen concentrations of bottom waters at the sampling locations are given in Table 1 . Dissolved oxygen in the bottom waters showed a sharp decrease in concentration with depth. It varied from 3.7 ml/L at 30m depth to <0.1 ml/L at a depth of 200m depth (Table 1) . Deeper stations (200m) which fall in the OMZ experience suboxic values in the bottom waters especially in northern transects (Qasim 1982; Sengupta et al. 1976 ).
Major elements in lithogenic fraction, REEs and trace elements are presented in Table 3 and Table 4 respectively. SiO 2 showed higher values for samples south of Goa (average 76%) compared to those in northern transects average 55.3%). In contrast, TiO 2 and MgO showed low values for samples south of Goa and high concentration for the northern transects (Fig. 1c ).
Thorium and REEs showed enhanced values along the south west coast of India (KOLLAM and KOCHI) compared to northern transects (Table 4) . ΣREEs varied between 14 and 194 ppm with higher concentration for the coastal samples (30m depths) compared to the offshore sediments, except in two transects ( CaCO 3 content is generally higher (70-93%, Table 6 ) in sediments from 100m depth. C org and N% showed wide range of variability for samples along the western continental shelf of India (0.13 -3.5% and 0.02 -0.37% respectively, Table 6 ). C/N molar ratios ranged between 6.9 and 14 and the δ 13 C values varied between -21.7 and -18 ‰. δ 15 N ranged between 4.6 and 9.1‰ with higher values for the northern transects (Table 6 ).
DISCUSSION
Deciphering the sediment provenance
Major elements in lithogenic fraction and the discrimination plots of their oxides are employed here to discern the sediment provenance and the degree of weathering (Nesbitt and Young 1982; Le Maitre et al. 1989; McLennan 1989; Wronkiewicz and Condie 1990; Fedo et al. 1995; Nath et al. 2000) . Also used are the relative abundance of trace and REEs in sediments, elemental ratios, shale normalized REE patterns, chondritenormalized spidergram, and the ternary diagrams (McLennan 1989; Morey and Setterholm 1997; Nath et al. 1992; 1997; Siby 2004 (Fig. 1b) and sediment type distribution in the western continental margin of India (Fig. 1a) . Elements Si, Ti and Mg are considered diagnostic in view of their large differences in content in sediments derived from felsic and basic rocks. On a broader scale, a distinct north-south provinciality is seen separating Si-low (mean SiO 2 =55.3%; Table 3 ), and Ti-Mg rich (mean for oxides =1.61 and 2.53% respectively) sediments in the north from those rich in SiO 2 (mean=76%) and poor in Ti and Mg-oxides in south (mean = 1.05 and 0.96 %). This distinct provinciality is solidly consistent with the source terrain geology (Fig. 1b) . Si-poor and Ti-Mg rich sediments north of Goa closely correspond with Deccan Trap basaltic terrain on land and those in south of Goa are juxtaposed with granulitic terrain composed of rocks such as gneisses, charnockites etc. Here, we show a close correspondence between the composition of shelf sediments and the geology of adjacent land in the Arabian Sea. Provinciality was reported earlier based on clay mineral studies. On the basis of different clay mineral assemblages or clay mineral ratios (smectite (S)/illite (I) and kaolinite (K)/chlorite (Ch)) of the sediments and major rock types in the drainage basins of the rivers, three major sources of sediments (as mentioned in the Introduction section) have been identified along the western continental margin of India (Mattait et al. 1973; Nair et al. 1982a) . Later studies by Rao and Rao (1995) and Kessarkar et al. (2003) have endorsed this view. While the Nd isotopic studies (Kessarkar et.al., 2003) were reasonably consistent with clay mineral distribution, Sr isotopic data of western continental margin was ambiguous with respect to source areas as Sr isotopes are very sensitive to weathering and laterization (Kessarkar et al. 2003) .
Two different provinces of shelf sediments are also evident in the plot Na 2 O+K 2 O versus SiO 2 (Fig. 3) . Shelf sediments from southern transects (south of Goa) fall in the acidic domain (high SiO 2 content) while those from north of Goa fall in the basaltic/ basaltic andesite region. This figure shows that four samples (CAL, KANNUR and MNG coastal samples) from the southern sector fall in the basaltic region along with samples from northern transects (Fig. 3 ), which implies a Deccan Trap basaltic source, probably due to redistribution by coastal currents transporting the sediments from north. Relatively higher K 2 O/Na 2 O ratios were observed for the northern transects with highest ratio (3.4) for the sediment off DWA (Table 3) , which could be due to high mica (illite) content, characterized by Indus derived products (Nair et al. 1982a; Rao and Rao 1995) .
Chondrite-normalized spidergrams encompassing 21 major, trace and rare-earth element data of sediments from 30m depth (chondrite values from Sun and McDonough 1989; elemental content on cfb) show distinct variation in magnitude with higher elemental content in sediments from north of Goa (Fig. 4) . The source rock composition is further evaluated using a La-Th-Sc ternary plot (Fig. 5 ). These elements are good indicators of provenance as these are virtually insoluble and thus transported nearly quantitatively into terrigenous sediment (McLennan et al. 1990 ). In addition, these elements are not affected by grain-size fractionation (like Zr, Hf, Nb, and Sn; McLennan et al. 1990 ) and were widely used to determine provenance (Taylor and McLennan 1985; Wronkiewicz and Condie 1990; McLennan et al. 1990; Nath et al. 2000 etc.) . Like the provinciality noticed for major elements, sediments south of Goa fall closer to the granite and those north of Goa plot away from granite. Such distinct discrimination seems to be mainly controlled by Th and Sc content. Average Th content in sediments north of Goa is much lower (~6.7 ppm) than that seen in south of Goa (~15.7 ppm), which is close to that of granite (15 ppm; Condie 1993), which is again consistent with source rock geology. Th/Sc ratios which provide a sensitive index of mafic vs. felsic composition (McLennan et al. 1990) show distinctly different ratios (Table 5) in sediments from north of Goa (avg. 0.37) and south (avg. 1.23). Sediments derived from young source terrains such as Deccan Traps have low Th and Th/Sc ratios compared to the old and well differentiated upper crust (McLennan et al. 1990 ) like the granulitic terrain in south.
Trace and REEs constrain further local sources.-
Dwaraka to Goa.-
In general, flat shale normalized rare earth element (REE (SN) ) patterns with positive Eu ano are seen in the northern transects (off DWA and POR) while HREE enrichment is more prominent in the sediments from VER to GOA. In the perspective of major element composition shown above and the previous literature, two sources viz., Indus and Deccan basalts are responsible for the elemental make up of the sediments in this sector (Dwaraka-Goa). Therefore, the SN patterns of our sediments are compared to the patterns of particulates from Indus River (Goldstein and Jacobsen 1988) and the Deccan basalts (Lightfoot et al. 1990) in Fig. 2 . It is not a convention to normalize the igneous and metamorphic rock REE data with shale, but we have used for comparability. While the flat SN patterns of our sediments (off DWA and POR) are more similar to Indus derived particulates, we found higher total REE content (124-174 ppm on cfb) and relatively higher Eu ano (1.4) than the Indus suspended sediments (ΣREE = 92 ppm; Eu ano =1.25). This requires an additional source which could probably be from Deccan basalts. Past works have shown that the influence of Indus derived sedimentation is confined mainly until the northern part of the Gulf of Kachchh (Nair et al. 1982a; Rao 1991) . Ramaswamy et al. (2007) have reported the transport of previously deposited Indus sediments in the continental shelf into the Gulf of Kachchh. But the sample at the southern mouth of Gulf of Kachchh was found to have signatures of Deccan basalts. HREE enriched profiles were seen in sediments off VER to GOA, similar to the SN patterns of Deccan basalts (Lightfoot et al. 1990 , Fig. 2 ).
Rubidium and Rb/Ga ratios were used earlier to determine the source and dispersal of suspended sediments in the Gulf of Kachchh (Staubwasser and Sirocko 2001; Ramaswamy et al. 2007 ) and the Central Indian Basin sediments (Nath et al. 2007) . Rb is a typical dispersed element that is not associated with any specific Rb mineral (Wedepohl 1970) , but is present in K-containing minerals, such as mica, K-feldspar, and clays (Horstman 1957) . Rb concentrations were in general higher in the northern area compared to the central and southern parts of the western continental margin of India (Table 4 , Fig. 1c ). Rb concentration and Rb/Ga ratios on cfb showed higher values for the transect off DWA (98 ppm and 7 respectively), very similar to the sediments of Indus and Pakistan margins north of Gujarat (97.6 ppm and 5.87 respectively; Sirocko et al. 2000) . Moderate Rb values (55 to 65 ppm) were seen in transects off MUM and VER, which is closely comparable to the Deccan Trap basalts (Chandrasekharam et al. 1999) . Similar moderate values continue all along the coastal sediments until KANNUR in the southern area suggesting the influence of Deccan basalts (Table 4 , Fig. 1c ) in this region.
Goa to Cape Comorin.-
While the major element data (Si, Ti and Mg) broadly divide the entire study area into two distinct provinces, REE (SN) patterns discern additional sources (Fig. 2) . Sediments off MNG to CAL showed nearly flat SN pattern with moderate positive Eu ano (1.3), the patterns more similar to those derived from Deccan basalts in the north ( Fig. 2 ) probably suggesting the role of coastal currents in transporting sediments to the south. However, the sediments off KOLLAM and KOCHI show high LREE/HREE fractionation (La n /Yb n = 2-3.5) with steep sloping down pattern and high ΣREE concentrations ( Fig. 2 and Table 5 ). The LREE enrichment and steep HREE pattern for the sediments is consistent with earlier studies from SW coast of India (Nath et al. 2000) . Gneisses and charnockites in south India formed by retrograde metamorphism (Allen et al. 1985) showed similar pattern ( Fig. 2 ) with positive Eu ano on a shale normalization basis (Nath et al. 2000) . While the positive Eu ano (1.6) in coastal sediment off KOCHI (30m water depth) is possibly due to the presence of plagioclase feldspar (McLennan 1989) , higher ΣREE content in sediments from deeper depths is possibly related to the monazite bearing placers (REE bearing minerals), which are widespread in the southern Kerala coast. The coastal sample off TVM (stn.7) with high sand content and low CaCO 3 has very low ΣREE concentration. Earlier, Singh and Rajamani (2001a) showed that coarser sand fractions have lower REE abundance compared to finer silt and clay fractions in Kaveri flood plains. Sediment samples from the south west coast of India are dominated by sand fraction (>90%), and yet the ΣREE vary between 25 and 443ppm on cfb (Table 5) . It explains that within a given sediment grain size, mineralogy may control REE chemistry. SN patterns are different for southern samples, where the coastal sediment off CAPE COM (stn. 1) exhibited HREE depletion with negative Eu ano typical of sediments derived from charnockites (Singh and Rajamani 2001a) . Distinctly different patterns of the southernmost transect (which is at the tip of Indian peninsula) likely represent the influence of Bay of Bengal derived sediments. Chauhan and Gujar (1996) reported that the sediments from the SW coast of India can have the source characteristics of Bay of Bengal (BoB) which are influenced by intrusion of particulates and waters from BoB during the north east monsoon.
While the earlier studies broadly identify basaltic source between Gujarat and Goa and gneissic source for south of Goa, this section demonstrates that the REE geochemistry identify additional local sources in the southwest coast of India and demonstrates the efficiency of sediment REEs in preserving the source characters (McLennan 1989; Taylor and McLennan 1985; Condie 1993; Nath et al. 2000) .
Signatures of variability in weathering intensity
Chemical weathering alters the composition of siliciclastic sediments, where cations such as Ba, Cs, Al etc. remain fixed in the weathering residue in preference to smaller cations (Na, Ca, Sr) which are selectively leached (Nesbitt et al. 1980; Fedo et al. 1996; Nath et al. 2000) . These chemical changes are imprinted in the sedimentary record and provide a useful tool for monitoring source-area weathering conditions. From the geochemical data of fine grained sediments, chemical index of alteration (CIA) can be calculated based on the formula proposed by Nesbitt and Young (1982) using molecular proportions
where CaO* and Na 2 O represent Ca and Na in the silicate fraction only. CIA values are reported on a general scale of 40-100 where it varied between 70-75 for average shales, below 50 for unweathered igneous rocks and close to 100 for residual clays with high kaolinite and gibbsite content (Nesbitt and Young 1982; Nath et al. 2000 and references therein). CIA monitors the progressive alteration of plagioclase and potassium feldspars to clay minerals. Earlier studies on a coastal sedimentary environment (riverine, estuarine and inner shelf) from the SW coast of India has shown very high CIA values in conjunction with LREE enrichment and major elements reflecting the signatures of intense chemical weathering in the area (Nath et al. 2000) . In the upper reaches of the Cauvery catchment area in southern India, Sharma and Rajamani (2000) found that the Archean Peninsular Gneisses exhibit a greater degree of weathering in the field relative to the massive charnockites and granites. Their CIA values (=50) 
where CaO* and Na 2 O represent Ca and Na in the silicate fraction only. The index gives values of 50 for fresh rocks and values close to 100 for clay minerals such as kaolinite, illite, and gibbsite (Fedo et al. 1995; 1996) . Consistent with CIA data, PIA values for our samples varied between 52 and 94 with higher values for the coastal samples off CAL, KANNUR, MNG and GOA (>90) (Fig. 6 ). This indicates that most of the plagioclase has been converted to secondary clay minerals for these sediments. Some kaolinite together with gibbsite must have been derived from the Western Ghats located on the GoaCochin coast which also receives maximum rainfall during southwest monsoon (Rao and Rao 1995) . Coastal sediments off RAT and MUM also showed higher values of PIA (88-89, Table 3 ).
Degree of weathering is also evaluated with the discrimination ternary plots of Al 2 O 3 -(CaO+Na 2 O) -K 2 O (A-CN-K in molecular proportions; Fig. 7a ), which refers to the CIA values and (Al 2 O 3 -K 2 O) -CaO -Na 2 O (A-C-N) (Fig. 7b) depicting PIA values. CIA values of our sediments vary between 51 and 88 and fall on a trend parallel to the A-C+N join, while three samples from south of Goa (coastal samples of CAL, KANNUR and MNG) and four samples from north of Goa (coastal samples from GOA, RAT and MUM) fall close to the Al 2 O 3 axis (apex indicating kaolinite, chlorite and gibbsite) showed that these samples had undergone intense chemical weathering. Similarly, these sediments also fall close to the Al 2 O 3 -K 2 O apex in the PIA ternary plot (Fig. 7b ). Both these plots, and also the CIA and PIA values supported intense weathering for these sediments, indicating their highly aluminous character. Sediments from south west coast of Kerala (off TVM, KOLLAM and KOCHI) showed low PIA values indicate the presence of less weathered plagioclase feldspars in these sediments.
Variability in degree of chemical weathering is seen with the change in provenance. In general, the sediments north of Goa predominantly derived from Deccan basalts show higher chemical weathering index. Chemical weathering in Deccan traps of India (a basaltic province) is recently studied based on major ions in Narmada, Tapti Rivers and Godavari tributaries (Dessert et al. 2001 ) and in Krishna river system which flow through Deccan traps and drain into the Arabian Sea (Ramesh and Subramanian 1988 and Das et al. 2005) . These studies showed that basaltic provinces weather to a greater extent compared to granites and gneisses (Dessert et al. 2003; Das et al. 2005 and references therein).
While the chemical weathering intensity varies between the northern and southern parts of the western continental shelf of India, overall the values of weathering indices suggest only a moderate chemical weathering despite the intense orographic rainfall in the area.
C and N content and their isotopic signatures: Has Provenance any control on the nature of organic matter?
C org and N (%), δ 13 C and δ 15 N (‰) values of sediments are shown in Table 6 . C org showed wide spatial variation from 0.13 to 3.5% from south to north. Generally, it is higher in coastal sediments (30m) in the transects off CAL to Goa (>3%, Table 6 ). The organic carbon at this depth must be from land run-off, less likely from planktonic material from the overlying water. In contrast, sediments from 100m depth were low in C org content (Table 6 ). The surficial carbonate sediments on the outer shelf are of relict nature and are of older age (Stewart et al. 1965; Nair and Pylee 1968; Rao and Wagle 1997) . These areas preclude significant terrigenous sediment accumulation either because of long shore currents which carry terrestrial sediments along the coast or because of bypassing of sediments in the shelf regions (Nair et al. 1982b ). Hence, these sediments are exposed for longer time to ambient O 2 than the sediments on either side of this relict sediment band. Long oxygen exposure time could be a determinant of low organic carbon preservation (e.g. Burdige 2007) in these sediments.
The average organic carbon content for 200m samples is 1.5% (Table 6) where overlying water showed suboxic values with <0.1ml/L of dissolved oxygen (Table 1) . As reported earlier, several factors such as dissolved oxygen content of bottom waters, productivity of water column, sedimentation rates etc. control the preservation of organic matter (e.g. Calvert et al. 1995; Prakash Babu et al. 1999; Rao and Veerayya 2000; Cowie et al. 1999; 2009) . As the mass accumulation rates gives a better information than the concentration, burial fluxes of C org were calculated using dry bulk density (derived from CaCO 3 ; Snoeckx and Rea 1994) and 210 Pb excess based sedimentation rates from literature (Borole, 2008), which are close to our sampling locations. Sedimentation rates are only available for the transects north of Mangalore (off MNG, GOA, RAT, MUM; compilation by Borole, 2008) and the calculations indicate higher C org burial fluxes for the samples north of Goa .58 g/cm 2 /yr) possibly because of higher productivity in the northern area. While the seasonal climatic variability controls the regional productivity variation in the Arabian Sea, the southeastern Arabian Sea remains oligotrophic during a major part of the year, but the northeastern Arabian Sea has fairly high phytoplankton stock during most part of the year (Jyothibabu et al. 2010 and references therein) which explain higher burial fluxes in the northern region.
N% also showed similar variation like C org with minimum value for the samples having low C org content and vice versa with r 2 = 0.974. C/N molar ratio varied between 6.9 and 14, with most of the values falling between 10 and 12 (Table 6 ), closer to the reported range of marine sedimentary organic matter in the northeastern Arabian Sea (8+2; Reichart 1997; Bhushan et al. 2001) . Certain transects (KOCHI, KANNUR, MNG etc.) showed decreasing trend of C/N ratios towards offshore, which indicates less terrestrial influence at deeper stations.
In addition to C/N ratio, δ 13 C is commonly used as an indicator of terrestrial organic matter to the oceans (Peters et al. 1978 1986; Agnihotri et al. 2003 , Mazumdar et al. 2009 and Cowie et al. 2009 ) and plotted along with our data in Fig. 8a . It is evident from the plot that all samples showed marine signatures for the shelf and deep sea sediments, except that our samples from the northern transects showed higher values (-18.2 to -19‰) . Higher values coincide with the change in provenance (off Gujarat -Indus and Deccan basalt derived) suggest a role of vegetation and soil type on carbon isotopic composition.
Carbon isotopic ratios are consistent with the earlier findings that sedimentary organic matter accumulating in deltas and open continental margins (which together account for more than 90% of all marine organic carbon burial; Berner 1989) is predominantly marine derived (Gearing et al. 1977; Hedges and Mann 1979; Gough et al. 1993) . Schlünz and Schneider (2000) have estimated that only about 10% of the C org discharged from rivers is finally buried in the sediments of the Amazon continental shelf in modern times. Inorganic geochemical tracers Al and Ti content are higher in most of the coastal stations compared to offshore ones suggesting the higher terrestrial influence. However, this contrasts with the predominantly marine signature of organic matter even in the shallow shelf stations (30m depth). Similar high δ 13 C values (marine signature) are also reported in a shallow sediment core off Goa, India (-21‰, Agnihotri et al. 2008 ) at a water depth of 45m. But, isotopic data from Mandovi estuary which can potentially supply to the sediments offshore Goa showed significant terrestrial influence (-26‰) for the suspended particulate organic matter close to the estuarine end (Maya et al. 2010) . Similarly, isotopic studies carried out on the coastal sediments of Kerala (SW coast of India), showed ~-23‰ for the sediments from shallow depths (5m) and ~-21‰ from 40m depths (unpublished data). Thus one possibility is rapid oxidation of terrestrial organic carbon entering the marine environment (e.g., Schlünz and Schneider 2000). Lack of significant terrestrial organic matter in the Arabian Sea is different from that observed in Bay of Bengal (Galy et al. 2007 ) and Ayeyarwady continental shelf (Andaman Sea; Ramaswamy et al. 2008) , where shelf sediments and even deep sea sediments showed terrestrial δ 13 C signatures.
As C/N ratio is also an indicator for the sources of organic matter (Meyers, 1997), we have plotted δ 13 C versus C/N molar ratio of the sediments studied here (Fig. 9) ; which showed a correlation coefficient of r=0.48 (n=37). A significant negative correlation between δ 13 C and C/N ratios is expected if both of these variables are indicating the source (i.e., organic matter with high C/N ratio should have much lighter δ 13 C value, Wu et al. 2002) . However, no pronounced relation is seen between δ 13 C and C/N ratios. At a given C/N ratio, considerable spread of δ 13 C is seen (Fig. 9) . In view of lack of significant correlation between these two parameters, δ 13 C was preferred for source characterization (e.g. Ramaswamy et al. 2008 , Gao et al. 2012 . However, a significant point to be noticed in this plot (Fig. 9 ) is clear demarcation in δ 13 C values between the coastal sediments (30 and 50m water depth) in north and south of Goa. All the sediments (except one) from south of Goa show lighter (than -20.5) δ 13 C values and a provinciality similar to the major element composition is evident. It is also possible that heavier δ 13 C values in the north (~-19‰) could have more contribution from C4 plants.
Incidentally, similar heavier δ 13 C values are also found in terrestrial plants in Deccan basalt dominated areas north of Goa (Bowen and West, 2008) suggesting a role of provenance (in a logical sequence of parent rock controlling soil type which in turn determines the type of vegetation) on the δ 13 C variability. Naqvi (1987; 1991) and Somasundar and Naqvi (1988) have reported the region between 15° and 21°N as the area of intense denitrification and the southern boundary of denitrification oscillate between latitudes 12 and 14°N in the eastern and central Arabian Sea. Earlier studies also showed that the regions of high biological productivity (such as Somalia coast and north western Arabian Sea) are geographically well separated from the intense denitrifying area (Naqvi 1991; . .4‰) compared to southern transects. Hence, the nitrogen isotopic ratios of our surficial sediments on a regional scale are responding to varying denitrification conditions and thus this data may have application for interpreting such events from the sedimentary records.
CONCLUSIONS
A distinct north-south provinciality in terms of elemental variability is seen for the western continental margin sediments. The Si-poor and Ti-Mg-rich sediments in northern part (off Dwaraka to Goa) juxtapose with Deccan Trap basaltic terrain on land. On the other hand, sediments in south from Goa to Cape Comorin are Si-rich and Ti-Mg-poor and have granulitic terrain as the source area. However, REE content, their fractionation indices and shale-normalized patterns demonstrate additional local sources in the southwest coast of India.
Weathering Indices such as CIA, PIA and discrimination plots involving oxides of Al, Ca, Na and K also showed variability in the intensity of weathering with respect to the sediment provenance. In general, the sediments north of Goa having a provenance of Deccan basalts show higher chemical weathering index compared to those from south of Goa suggesting that the basaltic provinces weather to a greater extent compared to granites and gneisses. While the provenance control on the degree of alteration was visible, the values of weathering indices suggest only a moderate chemical weathering despite the intense orographic rainfall in the area. 
